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I.  INTRODUCTION 


The  Aerospace  Structures  Information  and  Analysis  Center 
(ASIAC)  has  designed  and  fabricated  a  test  system  for  examining 
composite  materials  subjected  to  biaxial  states  of  stress.  The 
system  was  designed  for  examining  quadrants  II,  III  and  IV  of  the 
biaxial  stress  plane.  Theoretical  aspects  of  the  system  have 
been  discussed  in  Anamet  Laboratories,  Inc.  Report  No.  277.502, 
"Technical  Proposal  for  Test  System  for  Conducting  Biaxial  Tests 
of  Composite  Laminates."  The  development  of  the  system  is 
described  in  ASIAC  Report  No.  180. 1A,  "Development  of  a  Biaxial 
Test  Fixture." 

The  system  utilizes  short,  thin-wall  cylindrical  specimens. 
The  ring  specimens  may  be  loaded  with  combinations  of  axial  com¬ 
pression,  internal  pressure  and  external  pressure.  The  axial 
compressive  load  is  applied  through  the  high  pressure  lubricant 
trapped  between  the  specimen  ends  and  the  upper  and  lower 
parallel  platens.  The  system  is  loaded  with  a  standard  110  kip 
universal  test  machine.  The  internal  and  external  pressure  is 
produced  by  a  manual  or  electric  hydraulic  10,000  psi  power  sup¬ 
ply.  The  internal  pressure  is  retained  within  the  volume  between 
the  specimen  and  the  inner  core  of  the  fixture.  The  external 
pressure  is  retained  with  the  aid  of  an  external  pressure  collet 
placed  around  the  specimen. 

The  goal  of  this  project  was  to  develop  a  relatively  in¬ 
expensive  method  of  conducting  valid  tests  on  composite  materials 
subjected  to  biaxial  states  of  stress.  This  required  that  the 
test  procedure,  test  fixtures  and  specimens  be  simple  and  easily 
produced.  Also,  the  resulting  test  data  had  to  be  valid  and 
reducible  to  definable  relationships  between  macroscopic  stresses 
and  applied  loads.  The  method  selected  uses  the  classical  rela¬ 
tionships  of  thin-wall  cylinders  subjected  to  axial  load,  inter¬ 
nal  pressure  and  external  pressure.  Fourteen  specimens  instru¬ 
mented  with  bonded  resistive- foil  type  strain  gages  were  tested 
under  various  load  combinations.  This  evaluation  is  a  review  of 
this  test  data  and  investigates  the  performance,  validity  and 
repeatability  of  the  test  system. 
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II. 


IMSTRUMBWTKD  TBST  SPECIMENS 


A  total  of  fourteen  inst rumented  specimens  and  several  un- 
instruraented  specimens  were  tested.  The  uninstrumented  specimens 
were  used  to  develop  setup  procedures  before  testing  the  instru¬ 
mented  specimens.  The  specimens  were  made  of  a  graphite  epoxy 
composite  with  a  ±  45  degree  layup.  The  specimens  were  manufac¬ 
tured  by  IIT  (Illinois  Institute  of  Technology).  Details  of  the 
specimens'  construction  were  not  provided.  It  is  assumed  that 
there  were  two  specific  types  of  construction  marked  I  and  II. 

The  specimens  were  cylindrical  with  an  inside  diameter  of  3*92 
inches  and  a  wall  thickness  of  0.045  inches.  This  corresponds  to 
a  cross-sectional  area  of  0.554  square  inches.  Both  1-inch  and 
2-inch  specimen  lengths  were  tested.  The  ends  of  the  specimens 
were  ground  flat  and  parallel  to  ±  0.0005  inches. 

The  specimens  were  instrumented  with  bonded  resistive-foil 
typ-^  strain  gages  of  five  different  pattern  designs.  The  gage 
type,  pattern  design,  gage  length  and  model  numbers  are  listed  in 
Table  1.  In  some  cases  type  5  gages  were  substituted  for  type  4 
gages.  The  gages  were  bonded  to  both  the  inside  and  outside 
sizrface  of  the  specimens.  A  code  system  was  devised  to  identify 
each  gage  element  on  the  specimen.  The  code  consisted  of  a  two 
or  three  digit  number  followed  by  a  three  character  string.  The 
first  two  or  three  digits  represent  the  angular  position  of  the 
element  around  the  circumference.  The  angular  locations  used  in 
these  tests  were  0*,  45’,  90’,  135’,  180’,  225’,  270*  and  315’. 
The  first  character  in  the  string  indicated  if  the  gage  element 
was  on  the  internal  or  external  surface  of  the  specimen.  This 
first  character  will  be  (E)  for  external  or  (l)  for  internal. 

The  second  character  of  the  string  indicated  the  lengthwise  loca¬ 
tion  of  the  gage.  This  second  character  will  be  (t)  for  top,  (U) 
for  upper,  (C)  for  center,  (L)  for  lower  and  (B)  for  bottom. 

Gages  In  the  upper  and  lower  position  lie  mid-way  between  the  top 
and  center  and  the  bottom  and  center,  respectively.  The  third 
character  represents  the  measurement  direction  of  the  element. 
This  character  will  be  (A)  for  axial  strain,  (D)  for  diagonal 


TABLE  1 

BONDED  RESISTIVE-FOIL  TYPE 
STRAIN  GAGES 


Gage  Type 

Number  of 
Elements 

Gage  Length 

Pattern  Type 

Micro-Measurements 
Pattern  No. 

1 

2 

0.060" 

90°  cross 

CEA-06-062WT-350 

2 

1 

0.062" 

single  axis 

FAE-06S-35-S6ES* 

3 

1 

0.125" 

single  axis 

EA-06-125AC-350 

4 

2 

0.125" 

90°  tee 

CEA-06-125UT-350 

5 

3 

0.125" 

0°-45°-90° 

rosette 

CEA-03-125UR-350 

*BLH  Electronics  part  number 


strain  and  (T)  for  tangential  or  hoop  strain.  A  typical  example 
of  a  gage  layout  is  shown  in  Figure  1  . 

There  were  eleven  different  gage  layouts  used  depending  on 
the  type  of  load  applied  to  the  specimen.  These  gage  layouts  are 
listed  in  Tables  2  through  12.  Table  13  list  the  test  number, 
specimen  type,  gage  layout  and  load  condition  for  all  the  instru¬ 
mented  specimens  tested.  The  specimens  were  loaded  with  combi¬ 
nations  of  axial  compression,  internal  pressure  and  external 
pressure.  Different  ratios  of  axial  compression  and  pressure 
were  used  to  obtain  different  ratios  of  axial  stress  (o  )  and 

X 

hoop  stress  ( Og ) • 


TABLE  3 

GAGE  LAYOUT  FOR 
TEST  NO.  1 1-2 


Gage  Position 

Gage  Type 

Gage  Position 

Gage  Type 

00  EGA 

5 

180  EGA 

1 

00  ECO 

5 

180  EGT 

1 

00  ECT 

5 

180  ELA 

2 

45  EGA 

3 

180  EBA 

2 

90  ETA 

1 

90  ETT 

1 

225  EGA 

3 

90  EUA 

2 

270  EGA 

5 

270  EGO 

5 

90  EGA 

1 

270  EGT 

5 

90  EGT 

1 

315  EGA 

3 

90  ELA 

2 

90  ITA 

2 

90  EBA 

2 

90  IGA 

3 

135  EGA 

3 

90  IBA 

2 

180  ETA 

1 

180  ETT 

1 

180  ITA 

2 

180  EUA 

2 

180  IGA 

3 

180  IBA 

2 

7 


ru?.  1 


TABLE  5 

GAGE  LAYOUT  FOR 
TEST  NO.  1-4 


TABLE  8 

GAGE  LAYOUT  FOR 
TEST  NOS.  1-7,  1-8  AND  11-12 


Gage  Position 


00 

EGA 

00 

ECD 

00 

ECT 

45 

EGA 

45 

EGT 

90 

ETA 

90 

ETT 

90 

EGA 

90 

EGT 

135 

EGA 

135 

EGT 

180 

ETA 

180 

ETT 

180 

EGA 

180 

EGT 

180 

EBA 

180 

EBT 

225 

EGA 

225 

EGT 

Gage  Type 

Gage  Position 

5 

270  EGA 

5 

270  EGD 

5 

270  EGT 

4  ' 

1 

315  EGA 

4  i 

! 

1 

315  EGT 

I 

1 

90  ITA 

1 

90  ITT 

4 

1 

.  90  IGA 

4 

90  IGT 

1  ; 

I 

90  IBA 

1 

90  IBT 

4 

180  ITA 

4  i 

:  180  ITT 

1 

1 

1 

180  IGA 

1 

180  IGT 

1 

4 

180  IBA 

4 

180  IBT 

1 

315  IGA 

1 

315  IGT 

4 

4 

1 

Gage  Type 


table;  10 

GAGE  LAYOUT  FOR 
TEST  NO.  II-IO 


Gage  Position 

Gage  Type  ^ 

i  Gage  Position 

Gage  Type 

00 

EGA 

5  ' 

225 

ECT 

00 

ECO 

5 

00 

ECT 

1 

5  1 

! 

225 

ELT 

45 

ECT 

3 

270 

ECA 

270 

ECO 

90 

ETA 

i  1 

270 

ECT 

90 

ETT 

1 

315 

ECT 

90 

ECA 

4 

90 

ECT 

4 

00 

ICT 

90 

EBA 

1 

45 

ICT 

90 

EBT 

,  ^ 

1 

1 

90 

ITA 

135 

EUT 

1 

1 

3 

i  90 

ITT 

135 

1 

ECT 

3 

1 

90 

i 

ICT 

135 

ELT 

3 

90 

I  BA 

90 

IBT 

180 

ETA 

1 

180 

ETT 

1 

135 

ICT 

180 

ECA 

4 

180 

ITA 

180 

ECT 

4 

180 

ITT 

180 

EBA 

1 

180 

ICT 

180 

EBT 

1 

1 

180 

I  BA 

225 

EUT 

3 

180 

IBT 

TABLE  11 
GAGE  LAYOUT  FOR 
TEST  NO.  II-ll 


% 


Gage  Position 

Gage  Type 

90  ETA 

2 

90  ECT 

3 

180  ETA 

2 

180  ECT 

3 

90  ITA 

1 

90  ITT 

1 

90  ICA 

4 

90  ICT 

4 

180  ITA 

1 

180  ITT 

1 

180  ICA 

4 

180  ICT 

4 

TABLE  12 
GAGE  LAYOUT  FOR 
TEST  NO.  11-13 


Gage  Position 

. . 

Gage  Type 

90  ETA 

2  ' 
i 

90  EGA 

i 

3  1 

! 

180  ETA 

2  1 

180  ECT 

i 

3  ! 

j 

90  ITA 

i 

1 

1 

90  ITT 

1 

1  = 

90  ICA 

i 

4 

1 

90  ICT 

4 

180  ITA 

1 

180  ITT 

1 

180  ICA 

4 

180  ICT 

4 

TABLE  13 

INSTRUMENTED  SPECIMENS  TESTED 


Test 

No. 

Specimen 

Length 

Material 

Construction 

Gage 
Layout 
Table  No. 

Number 
of  Gage 
Elements 

Load 

Condition 

I-I 

15/16" 

I 

2 

12 

Axial  Load  (-0^^) 

II-I 

15/16“ 

II 

2 

12 

Axial  Load  (-o^^) 

II-2 

2" 

II 

3 

30 

Axial  Load  (-0^^) 

II-3 

2" 

II 

4 

12 

Axial  Load  (-0^) 

1-4 

2" 

I 

5 

36 

Internal  ,  . 

Pressure  '  “e' 

1-5 

i 

2" 

I 

6 

14 

Internal  ,  . 

Pressure  ' 

.-5 

2" 

I 

7 

40 

Axial  S  Internal 

(-Ox  •  lOg) 

1-7 

2" 

I 

8 

40 

Axial  A  Internal 

(-Ox  •  Og) 

1-8 

2" 

I 

8 

40 

Axial  A  Internal 

(-Ox  •  ZOg) 

1-9 

2" 

I 

9 

n 

Axial  A  Internal 

(-Ox  ■  Og) 

II-IO 

2" 

II 

ID 

39 

External  #  % 

Pressure 

II-II 

2" 

II 

II 

12 

External  »  % 

Pressure  '’”6^ 

II-I2 

2" 

II 

8 

40 

Axial  A  External 

(-Ox  ■  -Og) 

II-I3 

2" 

II 

12 

12 

Axial  A  External 

(-Ox  ■  -Og) 

Tir.  TKST  KQIJIPMKMT 

The  biaxial  teat  fixture  consisted  of  a  hollow  cylinder 
acting  as  the  lower  platen  while  a  stepped  solid  cylinder  served 
as  the  upper  platen  and  inner  core.  The  specimen  was  placed 
around  the  inner  core  and  was  loaded  between  the  two  platen  sur¬ 
faces.  The  load  was  transmitted  through  high  pressure  lubricant 
trapped  between  the  specimen  ends  and  the  platen  surfaces.  T’he 
internal  pressure  was  retained  within  the  volume  between  the 
specimen  and  the  inner  core.  A  special  molded  rubber  gasket  was 
also  used  to  help  retain  hydraulic  pressure.  The  inner  core 
reduced  the  wetted  hydraulic  area  normal  to  the  specimen  axis. 
This  reduced  the  axial  load  required  to  overcome  the  resultant 
axial  load  from  the  internal  hydraulic  pressure.  The  external 
pressure  was  retained  with  the  aid  of  an  external  pressure  collet 
placed  around  the  specimen. 

The  axial  load  was  provided  by  an  MTS  Model  810,  110  kip 
servocontro"' led ,  universal  testing  machine.  The  axial  load  was 
measured  using  a  strain  gage  load  cell,  MTS  Model  661.23A-02  with 
MTS  Model  440  signal  conditioning.  The  internal  and  external 
pressure  was  produced  using  a  maniial  high  pressure  pump.  The 
pressure  was  monitored  using  a  strain  gage  pressure  transducer, 
Patronic  Model  502-3000-G  with  a  Honeywell  Model  218  bridge 
amplifier  as  signal  conditioning. 

Both  the  load  and  pressure  signal  were  used  as  feedback  to 
the  servocontroller .  This  setup  allowed  the  operator  to  manually 
control  the  pressure  while  the  servo-system  automatically  applied 
a  proportional  load  with  respect  to  pressure.  The  ratio  between 
axial  load  and  pressure  could  be  adjusted  to  obtain  the  desired 
biaxial  stress  condition. 

A  SUN  Model  AD-1-SCE  10/32  data  acquisition  system  was  used 
to  digitir^e  the  axial  load,  pressure  and  strain  gage  data.  This 
system  has  sixty-four  input  channels  which  are  multiplexed 
through  an  Analog  to  Digital  Converter  (ADC)  to  a  digital  serial 
output  port.  The  input  channels  can  be  individually  programmed 
as  analog  voltage  inputs  or  can  provide  internal  bridge 
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completion  and  excitation  for  the  bonded  strain  gaffes.  Amplifier 
gain  and  scale  factors  can  also  be  programmed  for  individual 
channels.  During  the  test,  the  data  from  the  SUN  system  was  sent 
directly  to  a  PDF  11 /34  mini-computer.  The  data  was  transferred 
at  a  rate  of  12  V2  channels  per  second.  The  computer  transfers 
the  data  to  a  hard  disk  magnetic  storage  medium  for  future  pro¬ 
cessing.  A  special  computer  program  was  written  which  converts 
the  raw  data  into  engineering  units  and  allows  plots  to  be  made 
for  a  graphical  presentation  of  the  results.  Loads  corresponding 
to  strain  values  were  found  through  linear  interpolation  with 
time.  The  plots  were  produced  using  a  Tektronix  graphics  termi¬ 
nal  and  hardcopy  unit. 

Figure  2  is  a  sketch  of  the  biaxial  test  fixture.  Figure  3 
is  a  schematic  of  the  test  system. 
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IV.  EVALUATION  OP  GASKET  MATERIALS 


The  most  critical  assumption  made  in  the  design  c  f  this 
system  is  that  the  short  ring  specimens  have  sufficieitly  free 
boundary  conditions  at  the  ends  to  emulate  thin-wall  cylinder 
stress  theory.  It  is  also  assumed  that  the  contact  s' ress  at  the 
specimen  ends  is  uniform  and  the  resultant  axial  load  is  not 
eccentric  with  the  specimen  axis.  These  assumptions  are  most 
critical  for  materials  with  a  high  Poisson's  ratio. 

In  order  to  provide  a  free  boundary  condition  at  the  ends  it 
is  necessary  to  minimize  the  friction  between  the  specimen  and 
the  platen  surfaces.  This  must  be  accomplished  while  axial  loads 
and  surface  pressures  are  applied.  The  system  must  allow  the 
specimen  to  freely  deform  due  to  Poisson's  effect.  I’  was  de¬ 
cided  to  use  a  solid  high  pressure  lubricant  between  ;he  specimen 
ends  and  the  platens.  The  radial  and  torsional  restraint  would 
be  governed  by  the  viscous  or  plastic  shear  strength  of  the 
lubricant.  The  lubricant  must  also  function  as  a  gaslret  to  help 
retain  hydraulic  surface  pressure  as  well  as  equalizing  the  load¬ 
ing  to  the  specimen  ends  to  compensate  for  slight  irregularities 
and  mismatch  between  the  platens  and  specimen. 

A  procedure  was  developed  to  evaluate  the  relati''e  perform¬ 
ance  of  different  lubricants  by  measuring  and  recording  the  rad¬ 
ial  deformation  of  the  specimens  subjected  to  axial  load.  The 
radial  displacements  were  measured  at  the  end  of  the  specimen 
near  the  gasket  surface  and  simultaneously  at  mid-len,',th  of  the 
specimen.  These  measurements  indicated  "barreling"  O’  "hour- 
glassing"  of  the  specimen  under  load.  The  amount  of  barreling  or 
hourglassing  is  a  relative  measure  of  the  constraints  on  the 
specimen  ends.  Ideally,  the  ratio  of  top  to  middle  radial  defor¬ 
mation  would  be  unity,  indicating  that  the  entire  cyl  ndrical 
specimen  is  expanding  uniformly.  In  the  case  of  barreling,  the 
top  to  middle  radial  deformation  ratio  is  less  than  u>iity.  A  top 
to  middle  deformation  ratio  of  less  than  zero  indicates  hour- 
glassing.  Radial  displacements  were  measured  using  teo  linear 
variable  differential  transformers  (LVDT).  '"he  load  ras  measured 


using  a  strain  gage  load  cell  attached  to  the  actuator  of  the 
test  machine.  The  LVDT  and  load  cell  data  were  recorded  on  an  PM 
analog  data  recorder.  The  data  was  then  plotted  or  an  analog  X-Y 
recorder  for  a  graphical  representation  of  gasket  performance. 

Several  gasket  and  lubrication  material  configurations  were 
tested.  Each  configuration  used  single  or  sandwich  layer  combi¬ 
nations  of  polyethelene,  teflon  and  lead  foil.  The  following  is 
a  list  of  the  gasket  configurations  tested. 

.001"  polyethelene 
.001"  teflon 
.005"  teflon 

.001"  lead/. 004"  polyethelene/ . 001 "  lead 
.001"  lead/. 001"  teflon/. 001"  lead 
.001"  lead/. 005"  teflon/. 001"  lead 
.001"  teflon/. 004"  polyethelene/ . 001 "  teflon 

The  sandwich  gaskets  performed  much  better  than  any  of  the  single 
layer  gaskets.  Tn  general,  the  gaskets  using  teflon  showed  more 
stick-slip  frictional  behavior  than  the  polyethelene  gaskets.  Tn 
tests  using  the  thicker  teflon,  the  specimen  tended  to  "dig-in" 
to  the  gasket,  preventing  sliding  as  the  specimen  expanded.  None 
of  the  gasket  configurations  proved  to  be  clearly  superior;  how¬ 
ever,  the  best  results  were  obtained  using  a  .001"  lead/. 004" 
polyethelene/ . 001 "  lead  sandwich  construction.  The  remaining 
tests  presented  in  this  evaluation  were  conducted  using  this 
gasket  configuration. 


V. 


AXIAL  LOAD  TESTS 


Pour  instrainented  specimens  were  tested  with  ccmpressivR 
axial  load  only.  These  were  Test  Nos.  1-1,  II-1  ,  H-S  and  IT-^i. 
Test  Nos.  T-1  and  TI-1  specimens  were  1  inch  in  length.  They 
were  instrumented  with  twelve  strain  gage  elements  using  the  gage 
layout  listed  in  Table  2.  The  gages  were  at  the  90°  and  180° 
locations.  Test  Nos.  11-2  and  II-3  were  2  inches  ir  length. 

Test  No.  11-2  was  instrumented  with  thirty  strain  gfcge  elements 
using  the  gage  layout  listed  in  Table  5*  The  gages  on  Test  No. 
II-2  were  spaced  45°  apart  around  the  specimen  circumference. 

Test  No.  II-3  was  instrumented  with  twelve  strain  gage  elements 
using  the  gage  layout  listed  in  Table  4.  The  gages  were  at  the 
90°  and  180°  locations. 

The  specimens  were  loaded  with  compressive  axial  load  be¬ 
tween  the  two  platens  of  the  biaxial  test  fixture.  The  lead/- 
polyethelene/lead  sandwich  gasket  lubrication  was  need  at  both 
platen  surfaces-  Neither  internal  or  external  pressure  loads 
were  applied,  thus  the  pressure  feedback  to  the  controller  was 
not  used.  The  MTS  system  was  operated  in  actuator  displacement 
control.  The  strain  gage  and  load  cell  data  were  recorded  via 
the  SUN  system  to  the  PDF  11/34  computer. 

As  the  specimens  were  axially  loaded,  the  load  vs.  machine 
cross-head  displacement  was  recorded  on  an  analog  X-Y  recorder 
(except  for  Test  No.  TI-3).  These  plots  are  shown  in  Figures  4 
through  6.  As  can  be  seen  from  the  plots,  the  firs’’  three  speci¬ 
mens  failed  at  a  maximum  axial  load  of  -11,000  lbs.  With  a 
specimen  cross-sectional  area  of  0.554  square  inches,  this  cor¬ 
responds  to  an  axial  stress  -19-86  ksi.  Test  No.  II-3 

failed  at  a  slightly  higher  load  of  -11,875  lbs.  which  corre¬ 
sponds  to  an  axial  stress  of  -21.44  ksi.  The  failure  in 

all  of  the  specimens  resulted  in  separation  between  the  ply  lay¬ 
ups.  There  was  also  some  blooming  at  the  ends  of  the  specimens. 
Figures  7  through  10  are  photographs  of  the  specimens  after 
test i ng. 
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Figure  9  Photograph  of  Specimen  No.  II-2  After  Testing 


Figures  11  through  17  are  plots  of  axial  load  vs.  axial 
strait!  for  the  four  test  specimens.  The  plots  show  there  was 
some  variation  in  the  load  distribution  around  the  specimens' 
circumference.  Test  Nos.  1-1,  II-1  and  II-7  show  more  compres¬ 
sive  strain  at  the  Q0°  location  than  at  the  180"  location.  Also, 
Test  No.  IT-2  shows  high  strain  near  315’  and  00"  locations  and 
low  strain  values  near  the  135’  location.  This  would  indicate 
that  the  axial  load  was  slightly  eccentric  with  respect  to  the 
specimen  axis.  This  is  better  illustrated  in  Figure  18  with  a 
plot  of  the  axial  strain  reading  at  -6,000  lbs.  vs.  the  gage 
location  for  Test  No.  TI-2.  The  higher  strain  readings  would 
correspond  to  higher  local  loads.  It  should  be  noted  that  no 
strain  gage  data  was  recorded  after  the  -6,000  lbs.  load  for  Test 
II-2  as  a  result  of  instrumentation  problems.  Also,  some  of  the 
gages  in  Test  No.  TI-2  failed  to  produce  a  signal.  ^^igure  19  is 
a  plot  of  axial  load  vs.  hoop  strain  for  the  gages  around  the 
circumference  of  specimen  II-2.  This  plot  also  show  some  indica¬ 
tion  of  eccentric  loading. 

Figures  20  through  23  are  plots  of  axial  load  vs.  internal 
and  external  axial  strain  at  the  90"  and  180"  gage  locations  for 
'"est  Nos.  1-1  and  11-1  .  In  general,  the  compressive  strain  on 
the  inside  surface  is  higher  than  the  outside  surface.  This 
would  indicate  there  was  some  bending  stresses  through  the  speci¬ 
mens'  length  resulting  in  barreling  of  the  specimen.  This  is 
also  indicated  by  the  axial  load  vs.  hoop  strain  plots  shown  in 
Figures  24  and  25.  These  plots  show  that  the  tensile  hoop  strain 
through  the  center  of  the  specimens  is  greater  than  at  the  ends. 

A  relative  measure  of  the  bending  can  be  made  by  plotting  the 
ratio  of  external  axial  strain  vs.  internal  axial  strain. 

Ideally,  the  ratio  of  external  vs.  internal  strain  should  be 
unity.  When  barreling  or  bending  stresses  occur,  the  internal 
compressive  strain  becomes  greater  than  the  external  compressive 
strain  and  the  ratio  drops  below  unity.  Plots  of  external  axial 
vs.  internal  axial  strain  for  the  180*  gage  location  of  Test  Nos. 
1-1  and  IT-1  are  given  in  Figures  26  through  29. 


Figure  15  Plot  of  Axial  Load  vs.  External  Axial  Strain 
Around  the  Circumference  of  Test  No.  II-2 


L£G£NO 


AXIAL  STRAIN 


Figure  19  Plot  of  Axial  Load  vs.  External  Hoop  Strain 
for  Test  No.  II-2 
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Figure  21  Plot  of  Axial  Load  vs.  Internal  and  External 
Axial  Strain  at  180°  for  Test  No.  I-l 
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Figure  23  Plot  of  Axial  Load  vs.  Internal  and  External 
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Figures  30  and  31  are  plots  of  axial  load  vs.  internal  and 
external  axial  strain  at  the  90*  and  180*  gage  locations  for  Test 
No.  II-2.  These  plots  show  good  agreement  between  internal  and 
external  axial  strain  indicating  very  little  bending  stress  or 
barreling  of  the  specimen.  This  is  also  indicated  by  the  plot  of 
axial  load  vs.  hoop  strain  shown  in  Figure  32  where  equal  strain 
at  the  center  and  edge  of  the  specimen  indicate  the  cylinder  is 
expanding  uniformly  through  out  its  length.  The  plots  of  exter¬ 
nal  axial  strain  vs.  internal  axial  strain  shown  in  Figures  33 
through  35  show  a  slope  of  almost  unity.  This  would  also  indi¬ 
cate  very  small  bending  stresses. 

Plots  of  axial  load  vs.  external  and  internal  axial  strain 
for  Test  No.  II-3  are  given  in  Figures  36  and  37.  These  plots 
show  indications  of  bending  stresses  at  the  top  edge.  This  may 
be  a  result  of  the  blooming  along  the  edges  of  the  specimen. 
Figure  3B  is  a  plot  of  axial  load  vs.  hoop  strain  which  also 
shows  some  indication  that  the  specimen  was  barreling  under  load. 
Figures  39  and  40  are  plots  of  external  axial  vs.  internal  axial 
strain.  These  plots  are  in  agreement  with  Figures  36  and  37 
showing  indications  of  bending  stresses  near  the  top  edge  and  no 
bending  through  the  center. 

With  only  a  uniaxial  load  applied,  the  Poisson's  ratio  can 
be  measured  by  plotting  hoop  strain  vs.  axial  strain  at  various 
gage  locations.  The  slope  of  these  plots  are  a  measure  of 
Poisson's  ratio.  Figures  41  and  42  are  plots  of  hoop  vs.  axial 
strain  for  Test  No.  1-1  at  the  90*  location.  These  plots  indi¬ 
cate  the  Poisson's  ratio  is  0.80  at  the  start  of  the  test  and 
increases  to  greater  than  1.0  at  the  test  end.  Figures  43  and  44 
are  similar  plots  for  Test  No.  II-1 .  These  plots  indicate  a 
^oisson's  ratio  of  0.87  at  the  beginning  increasing  to  greater 
than  1.0  at  the  test  end.  Figures  45  and  46  are  plots  of  hoop 
vs.  axial  strain  for  Test  Nos.  IT-2  and  II-3*  Test  No.  TI-2  has 
a  Poisson's  ratio  of  0.51  increasing  to  1.00,  while  Test  No.  II-3 
has  a  ratio  of  0.90  at  the  start  increasing  to  1.19  at  the  test 
end.  There  appears  to  be  better  agreement  between  different  gage 
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Figure  38  Plot  of  Axial  Load  vs.  Hoop  Strain  for  Test  No 
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Figure  44  Plot  of  Hoop  vs.  Axial  Strain  at  the  90° 
Location  Near  the  Center  or  Mid-length  of 
Test  No.  II-l 


Figure  45  Plot  of  Hoop  vs.  Axial  Strain  .at  the  90° 
Location  Near  the  Center  or  Mid-length  of 
Test  No.  II-2 
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location  for  the  2-inch  specimen  than  the  1-inch  specimens. 
Pi^^ure  47  is  a  plot  of  axial  load  vs.  diagonal  strain  for  Test 
No.  ri-2.  It  can  he  seen  that  as  the  Poisson's  ratio  approaches 
unity  the  diagonal  gages  do  not  increase  in  output. 


VI. 


INTERNAL  PRESSURE  TESTS 

Two  instrumented  specimens  were  tested  with  internal  pres¬ 
sure  load  only.  These  were  Test  Nos.  1-4  and  I-5«  Both  speci¬ 
mens  were  2  inches  in  length.  Test  No.  1-4  was  instrumented  with 
thirty-six  strain  gage  elements  using  the  gage  layout  listed  in 
Table  5*  The  gages  were  spaced  45*  apart  around  the  circumfer¬ 
ence  of  the  specimen.  Test  No.  1-5  was  instrumented  with  four¬ 
teen  strain  gage  elements  using  the  gage  layout  listed  in  Table 
6.  The  gages  were  at  the  90*,  180*  and  270*  locations. 

Two  special-made  rubber  gaskets  were  used  on  the  inside 
surface  of  the  specimens.  The  gaskets  were  molded  into  a  cylin¬ 
drical  tube  with  a  diameter  equal  to  the  specimen  and  a  length 
slightly  longer  than  one-half  the  specimen  length.  Two  of  these 
gaskets  were  stacked  together  inside  the  specimens.  Cut-outs 
were  made  for  the  instrumentation  wires.  All  of  the  seams  and 
cut-outs  were  sealed  with  silicone  rubber.  Because  of  the  extra 
length  of  the  gasket  pair,  the  gaskets  could  be  preloaded  between 
the  two  platens  of  the  biaxial  test  fixture  with  only  a  small 
axial  load  applied  to  the  specimen.  This  provided  the  seal 
necessary  for  internal  pressurization.  The  lead/polyethelene/- 
lead  sandwich  gasket  lubrication  was  also  used  at  the  two  platen 
surfaces.  The  pressure  was  produced  using  a  manual,  handwheel- 
operated,  single-stroke  piston  pump.  This  allowed  smooth  steady 
control  of  the  internal  pressure.  The  pressure  and  load  signal  ' 
were  sent  to  the  MTS  system  controller.  The  ratio  in  gain  be¬ 
tween  the  pressure  and  load  signal  was  adjusted  such  that  the 
system  would  produce  a  constant  preload  on  the  specimen  plus  the 
force  required  to  overcome  the  pressure  load  acting  on  the  inter¬ 
nal  platen  surfaces.  The  strain  gage,  load  cell  and  pressure 
transducer  data  were  recorded  via  the  SUN  system  and  sent  to  the 
PDF  11/34  computer. 

An  axial  preload  of  -200  lbs  was  applied  to  Specimen  1-4. 
Internal  pressure  was  applied  at  a  rate  of  approximately  5  psi 
per  second.  It  was  found  that  the  specimen  could  not  be  loaded 
past  300  psi  without  loss  of  hydraulic  pressure.  The  pressure 
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load  was  then  released  and  the  axial  preload  was  increased  to 
-400  lbs.  If  it  were  assumed  that  the  entire  axial  load  was 
supported  by  the  specimen  and  not  the  internal  gasket,  this  would 
correspond  to  an  initial  axial  sress  -0.72  ksi.  The 

internal  pressure  was  increased  again  slowly.  The  specimen 
failed  at  a  pressure  of  575  psi.  With  a  cylinder  diameter  of 
3.92  inches  and  a  wall  thickness  of  0.045  inches,  this  corre¬ 
sponds  to  a  hoop  stress  (^0)  25.04  ksi.  The  specimen  failed 

as  a  result  of  tensile  hoop  stresses  at  the  90°  gage  location. 

The  fracture  left  a  jagged  edge  with  local  separation  between 
plies.  All  other  areas  of  the  specimen  appeared  to  be  undamaged. 
The  next  specimen  was  Test  No.  1-5*  An  axial  preload  of  -400 
lbs.  was  applied.  The  internal  pressure  could  not  be  increased 
past  520  psi  without  loss  of  the  pressure  seal.  The  axial  load 
was  increased;  however,  the  gasket  was  permanently  damaged  and 
the  specimen  could  not  be  failed  under  internal  hydraulic  pres¬ 
sure.  The  strain  gage  data  indicates  the  specimen  was  near  fail¬ 
ure.  The  pressure  of  520  psi  corresponds  to  a  hoop  stress 
of  22.65  ksi.  There  was  no  apparent  damage  to  the  specimen  after 
testing.  Photographs  of  the  specimen  are  shown  in  Figures  48  and 

49. 

Figures  50  and  51  are  plots  of  internal  pressure  vs.  hoop 
strain  at  mid-length  around  the  circumference  of  the  specimens. 
These  plots  show  a  good  distribution  of  hoop  stress  around  the 
specimens’  circumference.  Plots  of  internal  pressure  vs.  axial 
strain  around  the  circumference,  as  shown  in  Figures  52  and  53» 
also  indicate  good  load  distribution. 

Figures  54  and  55  are  plots  of  internal  pressure  vs.  inter¬ 
nal  and  external  axial  strain  at  90*  and  180*  gage  locations  for 
Test  No.  T-4.  This  data  shows  good  agreement  between  internal 
and  external  gages;  however,  the  internal  strain  is  generally 
higher  than  the  external  strain  indicating  a  small  amount  of 
bending  through  the  length  of  the  specimen.  This  is  also  indi¬ 
cated  by  the  plots  of  external  vs.  internal  strain  shown  in 
Figures  56  and  57.  Those  plots  have  a  slope  slightly  less  than 


Figure  48  Photograph  of  Specimen  No.  1-4  After  Testing 


Figure  49  Photograph  of  Specimen  No.  1-5  After  Testing 
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unity,  indicating  a  small  amount  of  bending.  ''figures  through 
61  are  plots  of  internal  pressure  vs.  hoop  strain.  These  plots 
do  not  indicate  any  barreling  of  the  specimen.  "Barreling  woulil 
be  evident  from  higher  hoop  strain  at  the  center  of  the  specimen 
than  at  the  ends. 

Figures  62  through  64  are  plots  of  internal  pressure  vs. 
axial  strain  and  internal  pressure  vs.  hoop  strain  for  Test  No. 
T-5.  These  plots  show  higher  strain  readings  at  the  specimen 
ends  than  through  the  center  or  mid-length.  This  would  indicate 
hourglassing  of  the  specimen  under  load.  This  can  also  be  seen 
when  comparing  internal  and  external  axial  strain  readings  where 
the  external  strain  is  slightly  greater  than  the  internal  strain. 
This  is  also  indicated  by  the  plots  of  external  vs.  internal 
strain  where  the  slope  is  greater  than  unity.  These  plots  are 
shown  in  Figures  65  and  66.  The  effect  of  hourglassing  could 
explain  why  the  specimen  could  not  retain  hydraulic  pressure 
during  testing. 

With  uniaxial  loading,  the  Poisson’s  ratio  can  be  measured 
by  plotting  axial  strain  vs.  hoop  strain.  The  slope  of  these 
plots  are  a  measure  of  the  Poisson’s  ratio.  Figures  67  and  68 
are  plots  of  axial  strain  vs.  hoop  strain.  For  Test  No.  1-4,  the 
ratio  starts  at  0.84  and  increases  slightly  to  0.95.  Test  1-5 
starts  at  a  ratio  of  0.78  and  increases  to  1.04. 


Figure  58  Plot  of  Internal  Pressure  vs.  Hoop  Strain  at 
the  90°  Location  for  Test  No.  1-4 
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Figure  60  Plot  of  Internal  Pressure  vs.  Hoop  Strain  at 
the  180°  Location  for  Test  No.  1-4 
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Figure  64  Plot  of  Internal  Pressure  vs.  Hood  Strain 
for  Test  No.  1-5 


Figure  68 


VII.  INTERNAL  PRESSURE  PLUS  AXIAL  LOAD  TESTS 


A  total  of  four  instrumented  specimens  were  tested  with 
combinations  of  internal  pressure  and  axial  loads.  The  specimens 
were  loaded  with  different  ratios  of  internal  pressure  and  axial 
load  to  produce  various  biaxial  stress  conditions.  These  were 
Test  Nos.  1-6,  1-7,  1-8  and  1-9*  All  four  specimens  were  2 
inches  in  length.  Specimen  Nos.  1-6,  1-7  and  1-8  were  instru¬ 
mented  with  forty  strain  gage  elements.  The  gages  were  installed 
using  similar  gage  layouts  as  listed  in  "ables  7  and  8.  The 
gages  were  spaced  45*  apart  around  the  circumference  of  the  spec¬ 
imens.  Specimen  No.  1-9  was  instrumented  with  only  twelve  gage 
elements  using  the  gage  layout  listed  in  Table  9*  The  gages  were 
at  the  90*  and  180*  locations. 

Two  special-made  molded  rubber  gaskets  were  used  on  the 
inside  surface  of  the  specimens  as  in  previous  tests  performed 
with  internal  pressure  only.  The  lead/polyethelene/lead  sandwich 
gasket  lubrication  was  also  used  at  the  two  plated  surfaces.  The 
axial  load  and  internal  pressure  signals  were  both  sent  to  the 
MTS  controller  through  two  variable  gain  amplifiers.  The  gain  on 
the  amplifiers  were  adjusted  such  that  the  system  would  produce 
the  correct  ratio  between  axial  and  hoop  stresses  plus  the  force 
required  to  overcome  the  pressure  load  acting  on  the  internal 
surface  area  of  the  platens.  The  strain  gage,  axial  load,  and 
pressure  data  were  digitized  via  the  SUN  system  and  sent  to  the 
PDF  11/54  computer. 

The  simultaneous  application  of  internal  pressure  and  axial 
compressive  load  produced  different  biaxial  stress  conditions. 
Figures  69  through  72  are  plots  of  axial  load  vs.  internal  pres¬ 
sure  from  the  four  tests.  Using  the  0.554  in^  axial  cross- 
sectional  area,  3-92  inch  diameter  and  0.045  inch  wall  thickness, 
the  ratio  of  axial  stress  stress  (^0^  calcu¬ 

lated  as 

-o 

— -  =  0.50,  Test  1-6 

% 

-o 

=  1.01,  Test  1-7 
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Figure  69  Plot  of  Axial  Load  vs.  Internal  Pressure  for 


Plot  of  Axial  Load  vs.  Internal  Pressure  for 


1.86,  Test  1-8 


— -  =  1.07,  Test  1-9 

°0 

An  initial  preload  of  approximately  -400  lbs.  was  also  applied  to 
the  specimens.  This  is  equivalent  to  an  axial  stress  level  of 
-0.72  ksi. 

Specimen  No.  T-6  failed  with  an  axial  load  of  -6,563  lbs.  at 
an  internal  pressure  of  424  psi.  This  corresponds  to  an  axial 
stress  of  -11 ‘85  ksi  and  a  hoop  stress  (oq)  of  18.47 

ksi.  Specimen  No.  1-7  failed  with  an  axial  load  of  -7,250  lbs. 
at  an  internal  pressure  of  280  psi.  This  is  equivalent  to  -13-09 
ksi  axial  stress  and  12.20  ksi  hoop  stress.  Specimen  No.  1-8 
failed  with  an  axial  load  of  -9,000  lbs.  at  an  internal  pressure 
of  185  psi.  The  corresponding  stresses  are  -16.25  ksi  axial 
stress  and  8.06  ksi  hoop  stress.  Specimen  No.  1-9  failed  with  an 
axial  load  of  -8,000  lbs.  at  an  internal  pressure  of  300  psi. 

This  is  equivalent  to  an  axial  stress  of  -14.44  ksi  and  a  hoop 
stress  of  13-07  ksi.  The  ultimate  failure  in  all  four  of  the 
specimens  appeared  to  be  the  result  of  the  tensile  hoop  stresses. 
The  specimens  fractured  along  the  length  of  the  specimen  wall 
generally  parallel  with  the  specimen  axis.  There  was  also  some 
buckling  in  the  walls,  blooming  at  the  ends,  separation  between 
ply  layups  and  splinters  in  the  inside  and  outside  surface  fibers 
as  a  result  of  axial  loading.  In  general,  the  specimens  sub¬ 
jected  to  the  higher  relative  axial  loads  showed  more  respective 
damage.  Figures  73  through  76  are  photographs  of  the  specimens 
after  testing. 

Figures  77  through  80  are  plots  of  axial  and  pressure  loads 
vs.  axial  and  hoop  strain,  respectively,  for  Test  Nos.  1-6  and 
T-8.  These  plots  are  from  the  external  gages  at  mid-length 
around  the  specimens  circumference.  Discounting  the  initial 
strain,  the  plots  appear  to  be  in  good  agreement,  indicating  good 
load  distribution  around  the  specimens  circumference.  Similar 
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Figure  74  Photograph  of  Specimen  No.  1-7  After  Testing 


Figure  75  Photograph  of  Specimen  No.  1-8  After  Testing 


Figure  76  Photograph  of  Specimen  No.  1-9  After  Testing 
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Figure  79  Plot  of  Axial  Load  vs.  Axial  Strain  at 
Mid-length  Around  the  Circumference  of 
Test  Mo.  1—8 


(U 
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Figure  80  Plot  of  Internal  Pressure  vs.  Hoop  Strain  at 
Mid-length  Around  the  Circumference  of  Test 


plots  for  Test  1-7  are  shown  in  Figures  81  through  85.  These 
plots  suggest  that  the  applied  load  was  eccentric  with  respect  to 
the  specimen  axis.  The  strain  readings  are  higher  at  the  00*  and 
45*  locations  and  low  at  the  180*  and  225*  locations.  This  is 
better  illustrated  in  Figure  84  with  a  plot  of  axial  strain  at 
-5,000  lbs.  vs.  gage  location  around  the  circumference.  It  is 
also  important  to  note  that  the  ultimate  failure  of  the  specimen 
was  between  00*  and  45*  locations.  Figures  85  and  86  are  plots 
of  axial  and  pressure  loads  vs.  axial  and  hoop  strain,  respec¬ 
tively,  at  the  90*  and  180*  locations  for  Test  No.  1-9.  The 
difference  in  strain  gage  readings  also  indicates  there  was  some 
eccentric  loading  of  this  specimen. 

Figures  87  and  88  are  plots  of  axial  load  vs.  axial  strain 
at  the  90*  and  180*  locations  for  '"est  Mo.  T-6.  There  appears  to 
be  good  agreement  between  the  internal  and  external  gages  indi¬ 
cating  relatively  small  bending  stresses  through  the  wall  of  the 
specimen.  This  is  also  indicated  by  the  plots  shown  in  Figures 
89  through  91  of  external  strain  vs.  internal  strain.  These 
plots  have  slopes  close  to  unity.  Similar  plots  for  Test  Nos.  T- 
7,  T-8  and  T-9  for  the  90*  and  180*  locations  (90*  and  515*  for 
Test  No.  1-7)  are  shown  in  Figures  92  through  IO4.  The  plots  for 
Test  1-7  indicate  there  is  some  bending  at  the  90*  location  and 
very  little  at  the  315*  location.  The  data  for  Test  Nos.  T-8  and 
1-9  indicate  there  was  some  bending  at  mid-length  and  very  little 
at  the  ends.  Tt  appears  that  the  amount  of  bending  in  each  spec¬ 
imen  does  not  correspond  with  the  ratio  between  biaxial  stresses. 
This  would  suggest  that  the  amount  of  bending  stress  or  barreling 
of  the  specimen  is  more  dependent  on  the  variations  between 
specimens  than  loading  conditions. 
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Fiffure  82  Plot  of  Internal  Pressure  vs.  Hoop  Strain  at 
Mid-length  Around  the  Circumference  of  Test 
No.  1-7 


Figure  83  Plot  of  Internal  Pressure  vs.  Hoop  Strain  at 
Mid-length  Around  the  Circumference  of  Test 
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Axial  Load  vs.  Axial  Strain  at  the 
315°  Locations  for  Test  No.  1-7 


of  Test  No. 
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VII  [.  EXTERNAL  PREf53URE  TESTS 


Two  instrumented  specimens  were  tested  with  external  pres¬ 
sure  only.  These  were  Test  Nos.  11-10  and  11-11.  Both  specimens 
were  2  inches  in  length.  Specimen  No.  11-10  was  instrumented 
with  thirty-nine  strain  gage  elements  using  the  gage  layout 
listed  in  Table  10.  The  gages  were  spaced  45*  apart  around  the 
circumference  of  the  specimen.  Specimen  No.  11-11  was  instru¬ 
mented  with  twelve  strain  gage  elements  using  the  gage  layout 
listed  in  Table  11.  The  gages  were  at  the  90*  and  180*  loca¬ 
tions. 

Two  strips  of  special-made  rubber  gasket  material  were  used 
on  the  external  surface  of  the  specimens.  The  two  strips  laid 
side  by  side  were  slightly  wider  than  the  length  of  the  specimen. 
The  two  strips  were  cut  to  a  length  equals  to  the  circumference  of 
the  specimens.  Cut-outs  were  made  in  the  gaskets  for  instrumen¬ 
tation  wires.  The  gaskets  were  bonded  side  by  side  around  the 
circumference  of  the  specimens  with  silicone  rubber.  Seams  and 
cut-outs  were  also  sealed  with  silicone  rubber.  Because  of  the 
extra  width  of  the  gasket  material,  the  gaskets  could  be  pre- 
loaded  between  the  two  platens  of  the  biaxial  test  fixture  with 
only  a  small  axial  load  applied  to  the  specimens.  This  axial 
preload  provides  the  seal  necessary  for  external  pressurization. 
The  lead/polyethelene/lead  sandwich  gasket  lubrication  was  also 
used  at  the  platen  surfaces.  An  external  pressure  collet  was 
placed  around  the  specimen  and  biaxial  test  fixture.  This  cylin¬ 
drical  collet  was  sealed  with  0-rings  between  the  upper  and  lower 
platen  sides.  The  volume  between  the  pressure  collet,  upper  and 
lower  platens,  and  the  specimen  was  pressurized  using  a  hand¬ 
wheel-operated,  single-stroke  piston  pump.  The  axial  preload  was 
provided  by  the  MT3  system.  Both  the  pressure  and  load  sugnal 
were  sent  to  the  MTS  system  controller.  The  ratio  in  gain  be¬ 
tween  the  load  and  pressure  signal  was  adjusted  such  that  the 
system  would  produce  a  constant  preload  on  the  specimen  plus  the 
force  required  to  overcome  the  pressure  load  acting  on  the  exter¬ 
nal  surface  area  of  the  platens  inside  the  pressure  collet.  The 
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Figure  108  Plot  of  External  Pressure  vs.  Internal 
Strain  at  ’lid-length  Around  the  Circurn 
of  Test  Mo.  II-IO 


strain  gage,  axial  load  and  pressure  data  were  digitized  via  the 
SUN  system  and  sent  to  the  PDP  11/34  computer. 

An  initial  preload  of  -250  lbs.  was  applied  to  specimen  No. 
11-10.  The  external  pressure  was  increased  at  a  rate  of  approxi¬ 
mately  5  psi  per  second.  As  the  pressure  reached  140  psi  it 
dropped  quickly  to  approximately  75  psi.  The  pressure  was  again 
increased  to  175  psi  where  the  rate  of  hydraulic  fluid  loss 
became  excessive.  The  specimen  was  removed  from  the  fixture  and 
found  to  have  fractured  along  the  length  of  the  wall  between  the 
90®  and  135*  gage  locations.  The  specimen  appeared  to  have 
failed  in  buckling  as  a  result  of  the  compressive  hoop  stresses. 
The  fracture  was  straight  and  smooth  with  local  separation 
between  ply  layups.  There  was  no  other  apparent  damage  to  the 
specimen.  Pigure  105  is  a  photograph  of  the  specimen  after  fail¬ 
ure.  Tt  is  believed  that  the  first  pressure  drop  at  140  psi  is 
where  the  specimen  buckled.  This  140  psi  external  pressure  is 
equivalent  to  a  hoop  stress  of  -6.10  ksi.  The  increase  in  pres¬ 
sure  after  that  was  retained  by  the  gasket  material  on  the  exter¬ 
nal  surface  of  the  specimen.  A  review  of  the  strain  gage  data 
reveals  that  the  data  was  irregular  and  unintelligible  after  the 
first  140  psi  peak. 

Tes"*"  No.  11-11  was  also  tested  with  an  initial  preload  of 
-250  lbs.  The  mode  of  failure  was  similar  to  Test  No.  11-10. 

The  pressure  was  increased  to  163  psi  when  the  pressure  quickly 
dropped  to  80  psi.  The  pressure  was  again  increased  to  195  psi 
when  hydraulic  fluid  loss  became  excessive.  The  specimen  was 
removed  from  the  test  fixture  and  found  to  have  failed  similar  to 
Test  No.  11-10  with  a  fracture  along  the  45"  location.  The  ex¬ 
ternal  pressure  of  163  psi  is  equivalent  to  a  hoop  stress  of 
-7.10  ksi.  Figure  106  is  a  photograph  of  the  specimen  after 
testing. 

Figures  107  and  108  are  plots  of  external  pressure  vs.  hoop 
strain  for  the  gages  at  raid-length  around  the  circumference  of 
Specimen  No.  11-10.  This  data  appears  to  be  irregular  indicating 
poor  load  distribution  around  the  specimen  circumference.  This 
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irregular  loading  could  be  the  result  or  cause  of  the  buckling 
failure.  Figures  109  and  110  are  plots  of  the  external  pressure 
vs.  hoop  strain  at  the  90’  and  180"  locations.  These  plots  com¬ 
pare  the  internal  and  external  gages.  In  general,  it  can  be  seen 
that  the  gage  readings  follow  each  other  up  to  approximately  45 
psi,  at  which  time  the  internal  and  external  readings  oppose  each 
other  at  almost  equal  rates.  This  would  indicate  that  at  indivi¬ 
dual  circumferential  locations  there  was  good  radial  and  length¬ 
wise  stress  distribution  up  to  45  psi  where  bending  stresses  or 
buckling  first  occured.  It  can  also  be  seen  that  at  the  90’ 
location,  bending  stresses  started  to  reverse  at  75  psi.  This 
would  also  indicate  buckling  in  the  specimen  wall.  As  a  result 
of  Poisson's  effect,  the  axial  strain  readings  show  respective 
data.  Figure  111  and  112  are  plots  of  external  pressure  vs. 
axial  strain  for  Test  No.  11-10.  The  data  is  not  sufficient  to 
accurately  evaluate  the  amount  of  barreling  or  hourglassing  of 
the  specimen.  It  should  also  be  noted  that  some  of  the  gage 
elements  for  Test  No.  11-10  failed  to  produce  a  signal. 

Figures  113  and  114  are  plots  of  external  pressure  vs.  hoop 
strain  for  Test  No.  11-11.  After  comparing  the  magnitude  and 
opposing  signs  between  the  two  plots  it  can  be  seen  that  bending 
stresses  were  present  from  the  start  of  the  test.  Note,  however, 
that  the  bending  has  opposite  signs  between  the  90’  and  180’ 
locations.  Figures  115  and  116  are  plots  of  external  pressure 
vs.  axial  strain.  These  plots  also  show  some  indication  of  bend¬ 
ing  stresses  with  opposite  signs  between  the  90’  and  180’  loca¬ 
tions. 
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Figure  110  Plot  of  External  Pressure  vs.  Hoop  Strain  at 
the  180°  Location  of  Test  No.  II-IO 
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igure  113  Plot  of  External  Pressure  vs.  Hoop  Strain  for 
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Figure  114  Plot  of  External  Pressure  vs.  Koop  Strain 
for  Test  No.  II-ll 
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IK  EXTERNAL  PRESSURE  PLUS  AXIAL  LOAD  TESTS 


Two  instrumented  specimens  were  tested  with  external  pres¬ 
sure  plus  axial  compressive  load.  These  were  Test  Nos.  II-1?  and 
ll-O-  Both  specimens  were  2  inches  in  length.  Specimen  No.  11- 
12  was  instrumented  with  forty  strain  gage  elements  using  the 
gage  layout  listed  in  Table  8.  The  gages  were  spaced  45°  apart 
around  the  circumference  of  the  specimen.  Specimen  No.  11-13  was 
instrumented  with  twelve  strain  gage  elements  using  the  gage 
layout  listed  in  Table  12.  The  gages  were  at  the  90°  and  180° 
locations . 

As  in  previous  tests  performed  with  external  pressure  only, 
special-made  rubber  gasket  material  was  used  on  the  external 
specimen  surface  as  well  as  the  lead/polyethelene/lead  sandwich 
gasket  lubrication  at  the  platen  surfaces.  The  external  pressure 
collet  was  also  utilized  for  external  pressurization.  The  axial 
load  and  external  pressure  signals  were  both  sent  to  the  MTS 
controller  through  two  variable  gain  amplifiers.  The  amplifier 
gain  was  adjusted  ouch  that  the  system  would  produce  the  correct 
ratio  between  axial  and  hoop  stresses  plus  the  force  required  to 
overcome  the  pressure  load  acting  on  the  external  surface  area  of 
the  platens  inside  the  pressure  collet.  The  strain  gage,  axial 
load,  and  pressure  data  were  digitized  via  the  SUN  system  and 
sent  to  the  PDF  1 1 /34  computer . 

The  external  pressure  and  compressive  axial  load  were 
applied  simultaneously  producing  a  biaxial  stress  condition. 
Figures  117  and  118  are  plots  of  axial  load  vs.  external  pressure 
for  the  two  tests.  Using  the  specimen  geometry  of  3-92  inch 
diameter  and  0.045  inch  wall  thickness,  the  ratio  between  axial 
stress  (o^)  and  hoop  stress  (o^)  is  calculated  as 
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Figure  117  Plot  of  Axial  Load 
Test  No.  11-12 


Both  the  axial  and  hoop  stresses  were  compressive.  Also,  an 
axial  preload  of  -250  lbs.  was  applied  to  both  specimens.  T’his 
preload  produces  the  seal  necessary  for  external  pressurization 
and  is  equivalent  to  an  initial  axial  stress  of  -0.45  Icsi. 

The  external  pressure  was  applied  manually  at  an  increasing 
rate  of  approximately  5  psi  per  second.  The  MTS  system  applied 
the  axial  load  accordingly.  As  the  pressure  on  Test  fio.  11-12 
reached  135  psi  it  became  difficult  to  control.  The  load  vs. 
strain  gage  data  became  very  irregular  after  approximately  120 
psi.  It  is  suspected  that  the  specimen  started  to  fail  at  this 
load.  The  corresponding  axial  load  at  120  psi  was  3,200  lbs. 

This  is  equivalent  to  a  hoop  stress  (o.)  of  -5.23  Icsi  and  an 
axial  stress  -5.78  ksi.  The  maximum  pressure  obtained 

before  losing  the  pressure  seal  was  175  psi.  After  testing  Spec¬ 
imen  No.  11-12  it  was  removed  from  the  test  fixture  and  found  to 
have  failed  in  buckling  as  a  result  of  compressive  hoop  stresses. 
The  specimen  had  fractured  through  the  wall  at  the  270*  gage 
location.  The  fracture  left  some  local  separation  between  ply 
layups.  There  was  no  apparent  damage  resulting  from  axial 
stresses.  Test  No.  11-13  had  a  similar  failure  mode  to  Test  No. 
11-12.  As  the  pressure  reached  75  psi  it  became  difficult  to 
control  and  irregular.  The  maximum  pressure  obtained  was  160  psi 
before  losing  the  pressure  seal.  After  a  review  of  the  data  it 
appears  that  the  specimen  failed  with  an  external  pressure  of  75 
psi  and  an  axial  load  of  -2,400  lbs.  This  corresponds  to  an 
axial  stress  (o  )  of  -4.33  ksi  and  a  hoop  stress  (o.)  of 
-3.27  ksi.  After  the  test,  Specimen  11-13  was  removed  from  the 
test  fixture.  The  damage  was  similar  to  Test  No.  11-12.  Photo¬ 
graphs  of  the  specimens  after  testing  are  given  in  figures  119 
and  120. 

Figures  121  through  124  are  plots  of  external  pressure  vs. 
hoop  strain  and  axial  load  vs.  axial  strain  for  Test  Nos.  11-12 
and  TT-I3.  From  this  data  the  loading  appears  to  be  very  irregu¬ 
lar.  Also,  the  axial  strain  data  goes  from  negative  to  positive. 
This  is  in  contradiction  to  the  applied  axial  compressive  load. 
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Figure  120  Photograph  of  Specimen  Mo.  11-13  After  Testing 
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With  nearly  equal  stresses  in  the  axial  and  hoop  directions,  this 
positive-going  axial  strain  data  could  be  the  result  of  a 
slightly  greater  Poisson's  ratio  with  respect  to  hoop  stress  than 
axial  stress.  This  is  only  possible  becaus  the  Poisson's  ratio 
in  both  directions  is  very  close  to  unity.  The  Poisson's  ratios 
were  measured  previously  with  uniaxial  loads  applied.  Figures 
125  through  128  are  plots  of  external  pressure  vs.  hoop  strain 
and  axial  load  vs.  axial  strain  at  the  90*  and  180°  locations  of 
Test  No.  11-12.  Tn  general,  this  data  indicates  the  specimen  was 
barreling  under  load.  The  hoop  strain  is  more  compressive  at  the 
ends  than  at  mid-length.  The  axial  strain  on  the  external  sur¬ 
face  has  a  faster  positive  going  rate  than  the  internal  surface. 
This  was  not  expected  with  external  pressure  loads  applied. 
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Figure  125  Plot  of  External  Pressure  vs.  Hoop  Strain 
at  the  90°  Location  for  Test  No.  II-l? 


Figure  126  Plot  of  External  Pressure  vs.  Hoop  Strain 
at  the  180°  Location  for  Test  No.  11-12 
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X.  CONCLUSIONS 


In  the  process  of  this  evaluation  many  of  the  original 
problems  with  the  test  procedure  have  been  solved;  however,  some 
new  questions  as  well  as  old  ones  have  not  been  resolved.  In 
general,  the  system  works  well  on  specimens  loaded  with  axial 
loads  and  internal  pressure.  Also,  there  seems  to  be  no  problem 
testing  materials  with  high  Poisson's  ratios.  There  are  many 
problems  testing  specimens  with  external  pressure.  Primarily  the 
problem  is  premature  buckling  of  the  specimen  due  to  compressive 
hoop  stresses.  This  is  a  result  of  the  specimen's  geometry.  In 
addition,  installation  of  the  external  pressure  collet  is 
extremely  difficult  when  the  specimens  are  instrumented  with 
external  gages. 

The  system  is  best  suited  for  testing  specimens  with  inter¬ 
nal  pressure  only.  These  test  results  indicated  the  best  stress 
distribution  for  all  the  testing.  The  specimen  installation  and 
setup  procedure  is  also  very  easy  and  simple.  The  lead/- 
polyethelene/lead  gasket  seems  to  provide  a  sufficiently  free 
boundary  while  retaining  hydraulic  fluid  pressure.  The  specimens 
showed  no  sign  of  failure  resulting  from  boundary  restraints. 
Because  the  platens  of  the  test  fixture  move  during  testing, 
there  is  no  problem  testing  specimens  which  decrease  in  length  as 
a  result  of  a  high  Poisson's  ratio. 

The  next  best  test  results  were  obtained  with  axial  load 
only  tests.  There  were  some  problems  resulting  from  eccentric 
loading;  however,  there  was  good  repeatability  of  the  maximum 
failure  load.  Equal  hoop  and  axial  load  strength  would  be 
expected  for  a  material  with  a  symmetrical  ±45*  ply  layup; 
however,  the  axial  load  results  were  lower  than  the  internal 
pressure  test  results.  There  were  also  some  blooming  and  buckl¬ 
ing  at  the  specimen  ends  resulting  from  local  end  restraints. 

This  problem  would  be  less  on  materials  with  a  lower  Poisson's 
ratio.  The  setup  and  installation  procedure  for  the  axial  load 
tests  was  easy  and  similar  to  the  internal  pressure  tests. 
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Good  results  were  also  obtained  from  the  biaxial  testng  with 
internal  pressure  plus  axial  loading.  Generally  the  specimens 
tested  with  higher  relative  axial  loads  showed  more  damage 
resulting  from  end  constraints;  however,  there  was  little  corre¬ 
lation  between  the  biaxial  stress  ratio  and  the  shape  of  the 
failure  envelope.  The  setup  and  installation  was  very  easy  and 
similar  to  the  internal  pressure  and  axial  load  tests. 

Very  poor  and  unpredictable  results  were  obtained  from  the 
test  using  external  pressure  loads.  The  specimens  failed  in 
buckling  at  very  low  loads.  The  buckling  was  the  result  of  com¬ 
pressive  hoop  stresses.  Further  studies  should  be  made  to  find  a 
better  specimen  geometry.  Installation  of  the  external  pressure 
collet  was  very  difficult  when  the  specimens  were  instrumented 
with  external  gages.  i.  lere  was  minimal  space  to  maneuver  instru¬ 
mentation  wires  between  the  specimen  and  the  pressure  collet. 

A  more  complete  evaluation  could  be  made  of  the  validity  of 
the  test  system  by  testing  specimens  with  known  material  proper¬ 
ties.  Also,  a  better  evaluation  of  the  system's  repeatability 
can  be  made  by  testing  several  uninstrumented  specimens  and  com¬ 
paring  the  maximum  loads  and  types  of  failures. 
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